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‘1’wo  Gali]c.o dyl]an~ic  mockls  were dc.vclopcd  to simulate (k spin[lp  / 4(X)-N main
sI~itldown maneuvers for (IIc. cl itic.al  C. VC.IIIS  of Jupiter  O] bit  ltlscrtiol)  (JO]) and

l’mijovc  l<aisc Mancuvcr  (1’Rh4).  ‘J’hc dynar))ic il]tcractiol)  aIIIOIIg tl]c spill  t h r u s t e r  pulsil~g
fre.qum~cy,  scicl~cc/l~~ag,l~  ctoll~ctcr  (S{ll/MAG) boo])] f]cxiblc  niodcx,  a]Kl the plopcllfint  SIOSII  modes
wc.rc studicct.  ‘1’hc prcdictiol)  of safe JOI was valida[cd in flight.  I;or J’RM, however, [he. simulatic)]i
results inclicatccl  that J>ropcllfint tlllpor[illg  would occtli  if tl]c. origintil  spill  thrustm duty cycle (1.3
scc ON / 3.9 scc O]~I;)  was I1OI upda(cd.  I]ascd 011 ful[llcr  simulatioli  rcsul(s,  a mw duty cycle (().9
SC.C ON / 0.9 scc [) IU;) was sclccte.d to pmvcrll ])IopcllaIIt  u~]por(inF,,  Sukqucmt  Ga]ilco  flight clata
il)ciicatc.d  that I’RM was cxcxwtcd successfully.

1. IN’J’Jtol)llC’J’loN”

Nearly 400 ye.ais aftcx t h e  ltalian astlonomm [ialilcm Galilc.i  discovcrcxl  Jupiter’s majol
]noo]ls,  the Galilcm  spacecraft was succcssfa]ly illse.r[cd  into Jupiter’s orbit C)II lkccmtmr  ‘/, 1995,
and began its Z3-month cxploratioa of tk planet and ils moo]ls. ‘1’k spacecraft was dcsiF,lmd,  bailt
:ilid  continues  to  [m opcrakd  by N A S A ’ s  Jc.t I’1-opulsioll  1,atmratc~ry  to illve.  stip, atc Jupitcl’s
allnospll cm, lnoc)lls, al)cl ttlc  surlounditlr, I]]:ip,t)ct(>sj>llclc.  1[ is tl)c first dual-spill p l a n e t a r y
spamcraft  (I;ig. 1 ). “1’hc rotor (tl\c. spi]~ning sc.ctic)n)  norlnaliy sj)ins  at 2.9 rpm to maintain tllc
spacecraft  stabi]ity  and a]]ow the scicIlcc./lll:ip,  tIct01~~ctcr  (SCD1/MACi)  bOOIIl to SWC.CJ) abou(  in oIdcr
to  prrform  II)agllctosj)llrle  cxpcrimcnts. ‘1’hc stator (tl)c dcspun section) can k kept stationary to
provide iac]tial poiating  of the camera a]ld other iasllalncltts.  Also n)ountcd  On the rotor arc tl)c
lligll-Gai?)  Antclll)a (I IGA), two ]ow-gail]  a]ttcmnas, two Radioisotope, ‘J’llcllll[)clcct[  ic Generators
(l< ’J’G), tlm propulsion modu]c,  tllc. star scanner, instramcwls  fo[ Incasuring  ficlcls  and partic.its, and
most of the computers aud control clcctt-o]lics. ‘1’hc  scan platfol  Ill mcmntccl  on the slator carries the
camma systc.nl  and tlm instrumevlts  for atlnos]hcric  and moo]l surfac.c chclnical analysis, studying
the F,ascs,  and measuring the tadiatioIl CnCr-F,y. ‘1’l)c R a d i o  R e l a y  Antcrllla  (RRA)  and (I)c
atnmsldluic  probe. arc also attached to tl]r. st:itol.

Gali]co was  l aunched  on (klobc.r  18, 1989, and lw[:all  its six-ycal Vclllls-l{;lltll-lialtl]-
Gtavit y-Assist (VI:] KA) lrajc.ctory.  1 )urillp,  this pm iod, scic.t]t  ific otmxvat i oils  w’cre. ]naclc of Venus,
llarlh, :ind the astmoids GasJ~la  aud lclti. Accidcxltally, scientists found a s]nall  nloon oj-biting  lda,
which was later name.d l)actyl. As a bonus, Galilc,o’s  imaF,ing i[lstrume.nts  also directly capturcci  tim ,
impzict  of tlm fragmmt  W of Cored Shocmaim-1 .evy 9 w’itll Jul)itcr in July, 1994.

011 JLIiy 13, 1995, ~hc rotor ad statol were locked top,cthor  and IIIC cmtirc spacecraft spun
up 10 10.5 rpm for more gyroscopic stability. Galileo lllcn  rc.lc.ascci the atmospheric J)mbc on a
course. fol’ JuJ)itcr.  1 ~o]iowing  the probe m]c.asc., the spacecraft fircci  its 400- Ncw’ton  main engine for
tltc. first li]~lc. to dc.fleet its own tlajcctory  for Jupiter orbit iltscl-tiol). ‘l”lIc pmlm dcscendcd  into
Jupi[cl’s atmosphcm  o n  Jkccmbcr 7, 1995,  and trans]nittcd  v a l u a b l e .  scicllcc [ia(a such  as
tcmpcratarc,  prcssuw, clumlical  comrmsiliol),  li~,l]lnillg, al)(i r“adi:illt Cll(Xf,y  Of JuJ)itc.r’s  :itl)K)SJdl  CIC



“gh ‘“n ‘“C’””’  ‘* .-k> -.,!J.jl.\/7. .1
. .
.:,.. . . ,

. .. ..

\= ‘r

Y

bat+ to the spacccr-af[. ‘1’hc  spacc,claf[  then fired its 4(0Ncwtoa  mginc  for49 lniauks  (again at the
spill  M(C of 10.5 rpm) to slow dowa al)d was succcssfl)lly  cap[l]rcd,t)y  Jupi[ct’s  gravity into Jupiter’s
oll)it. l;or (Ilc following Z3-]no])th oll)ital  toaj, Galileo will tlavcl in 11 diffcmlt clliptica]  orbits
aI-OIIIICl  Jupitc.  r. It will cmcountcr Jupiter’s satellite. GaIIy II Icxlc four (imcs, (kllisto  tllrcc times, al)d
lluroj)a  [I)rc.c.  times [0 perform close ol)sc]v:iliolls. 1[ wi]l also gat]lcl valual)]c  data of Jupiter’s
l)l:ig,l]c~c)s}~l]clic  and dust c]}vironnml[.  01] Madi 14, 1996,  lIIC spaccaafl c.xcxm[cd a l’crijovc  R a i s e .
Mammver (l’l<M) to protcxt  its ius[rumcnts  fmtn Iwill: cla]nap,c.rl by Jupiter’s ladiatiol).  ‘J’o pc.rfolll]
itlis  lnal]cmvcr,  tllc s]~ace.craft  spun up to 10.5 ]j)i)~  and fl[cd its -10() -Ncw/toa cn~itm  fol the last time.

As lnclltio])cd  above, for clitical evcl)ts  SUCII as atn~osplle.ric  probe rc]casc  and 400-N maia
c.llginc filil]g,  (hr. rotor and stator were lockc.d  to~elhc.1  ill a l l -spin lnodc aml the mtirc spacmraft
spul] uJ~ to 10.5 rpm to cnhancc  gymscopic  stal)ility,  avoid J)mpcllant  ul]porling,  and p rese rve ,
SCI/MAG boom illtcgrity.  Since ttlras(crtcs[  rcsalts SIIOWNI  tl)at prolollp,e.d contimous  fif-i]lg of tlm
spill  lllt-ustcrs  is not acceptable, the sj)irl[ij~/sj)il](l[)u~ll  mallcuve.r  had to bc doltc in pulsccl  mode .
llxamil]:itiol~  of Ihc dyaamic  illtclaction amol]f,  the spin thlustc.r I)ulsiag  f r e q u e n c y ,  SCI/MAG
Imoln flexible. ]l)odcs,  at]d the pmpcllall[  slosli  ]nodc.s MIaS cssc.ntial  to ensure tllc SC1/MAG boom
s[ructula]  intcgl”ity  and to  avoi(i lnissioll  catastm])tlic  plopcllal]l  ullportillf,.

‘J’o tl)is  emd, two Ga]ilco ]nodc]s  WCIC dcvclo]ml and the coln])lctc  s])inup /  40( ) -N cngillc
I)ula / sj)ill(iowa maneuver scquemcc  was simulated for tllc clitical cvm(s  of JOl and 1’RM. ‘1’hc
prcdictim of safe J()] was  va]idatccl  in flight  otl l)ccc.mlmI  7 , 1 9 9 6 .  lbr 1’RM, lmwcvcr,  the.
siinulatior]  Icsults  showed that altllou~h  the SC1/MA(i Imolll  structural integrity was cjlsurc(l,
propellant unportit)g  would occur (dl]c to low I)ropcllant  level) if Ihc origiml  spin thtaster  duty
cyck (1.3 SK ON / 3.9 scc olilt)  was not updalcd.  A ~ioup of ncw duty cycles which coriespcmc] to
till-ustcr pulsing flcqucllcics  that arc higher lliaI]  the ]Jropcllallt  slosh frequency raIIge were them
proposccl. Sillmlatioll  r c . su i t s  (Icl]lc)[lstl:itc.cl  tl]at l)lo])cllalit  ull~mling problem could l]c avdided if
aay of tilcsc duty cyctcs  Were USC.([, ‘]’IIc  J)rojcct  mall:  i:,c.]ncnt  Sc]c’ctccl t]lc proposed ().9 scc ON / ().9
scc ol;j;tlllty  cycle ;illd 1’RM was succcssfilliy  cxc(atcd  ON M:ilch  14, 1996.
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2. l)}' NAhl I(:h4()l)ltl,l  .lN(; ANl)Slh4[ ll.A'l`l()N 'l'()[)I.S

lk)l Ilm  modd  clcvcloIJJncIlt  time.’is a ll:t(lcc)fl’l)ctl~’c.c.11 tllc  Iligll  fidelity and tl)c fefisibility
of runlli[l~  long aiKl cornplcx simulation. With lhcsc collsi(lcl:tlio  Ils, Iwo ri~id body nmle.]s  -- a 6-
hly IImlCl atKl :i 7-tmly  mcdcl wc.rc dcklo~md [1][2]. liilst  of a l l ,  fo r  Ihc tmmcuvcx  cmsidcrcxl
il] (Ilis  sludy, llIc spaccclaf( is in lhc “f i l l -spin” Illodc w’tlcrc  tl)c  totot  arid slator arc Ioc.ktxl  togctll~r
and s})ill Np /  s p i n  ctowll as onc body. ‘J’llis  confif,ura(ioll Silllplific.d  ttlc  mm]ct dCvct OJJlllcllt
tlcmcndous]y.  As shown ia l;ig. 2., the 6-kJcly  mocld consists of the followin~  six bodies. ‘1’hc base
b o d y  (Ilody 1) is made up of the flry roto]  (contains  no propctlfint),  the statol”,  and the stall
platfolt~~,  lIody 2. is tllc  SC1/MAG booln. It is attached to tl)c lmsc body at the rotation cIafnpc.r
IIiltgc poin(. Nutaticm dall~pcr stiffness, damping and stic(ion cffc.cts  arc modeled. Bodies 3 and 5
[ire. [tic. fuel slug, s, and IIodics  4 :IIICI  () :irc. (hc oxidiz.cl  slugs. ‘l’tic. l)lopc.ll:ilit  slug mode.1 is sl)own  ill
mm dct;iil  in IJig,. 3. Movcmmts  of the slug c:iri  bc rc:ilinxi  by (WO mltitions  of the im:iginary  l ink
colillc.ctill~,  ttlc.  slug and the tank ccnlcr. ‘1’hc. azilnutll motion is lhc Iotatic)n  1# on the  sp in  phinc
:II)ou(  fill axis parallel to IIIC space.cfaf(  z,-axis  (Irip,.  1) find J)asscs lllrou~t]  the tank cmitcw. ‘1’hc
r.lcvatio]i  tiio[io~l  is ttic I-otatioa  O out of the spill  pla])c and is loc:itc.d  by the azimuth n]o[icm.  Note.
that this propellant slug model assumes 100% participation of tlic facl ill ttic. slug motion.  ‘1’bus, the
]Ilodc] is conservative. IIowcvcr, for low fuel fill -fl:ictions,  Illis tmdcl  n]:itc]lcs  very WCII with llughcs
C.xpc.rilncntal  data [3]. IN all, the. 6-tm!y  model  lias 15 dqyccs  of flccdom (lX)};): 8 IX)}i fot the
pIopcllaJIl  slIJgs,  61)()] /(3 trallslatiolial,  3 mta[ioli:il)  for(tlct)asct)(}(ly,  [III(I 1 l)[)l;at the.nutaticm
d:impcr  liill~,c  point.  Aliothm  cmllsclvativc  aslmct  of tliis moclcl  is tlwt z.c.[o fuc.1 slosti  damping ,  i s
assllliml,

‘l”k! 6-body  luodc.1 dOCS J)Ot ilIClll(]C  aJ)y SIJllCtlll”a]  f] CXibilily,  bllt II IS iJllpO1laT)[ to Cons ide r
tlm flexible llmtcs  whic]l will bc cxcitcd by ttlc.  p[ilsins  frcqucmcics  of ttic spin ttirustms  (below 1
117,) durilig,  slJilllll~/slJill(lo\vll.  It is found that  the.  nlodcs with fmqiicl]cics be low 1  117.  zirc
coli[libutcd  by the. SC1/MAG boom only. ‘1’o ttiis Cnd, ii SC1/MA(i  boom two-rigid body ]I]OCICI w;is
p,cncratcd  [4] th:it  rcsultc.d ili a 7-lmdy mode.1 fol ttic.  sjmccclaft.  IIodies 1, 3, 4, 5 aJ]ci  6 ale exactly
the szinm  as ttlosc. ill tllc 6-tmdy mmlcl.  IIody 2 rcp]csc.nts ttlc scicllcc  boom and m a g n e t o m e t e r
c;iflistcr,  :ind IIody 7 rc.presents the lm~nc.  tolnc.lcr  tmolil,  as stiowli  i]i l;ip,. 4. IIody 2 is :ittaclicd to
tk b:isc  body (Ilody 1) at ttic nutaticm  damper  IIing,c point. Af,:iin, nutation damper stiffness,
d:impiil~,  al]ct  stiction  cfkcts arc ]mdclld.  llody 7 alIcl l~ody 2 arc coancctul  by springs to pmvidc
:il)illgcw’itli 3 rotational l)O1;. ‘1’hc  m;isscs,  moll]cnts  of inc.r(i;i,  ccatcr c)f Infiss  lmxitions  of the two
tmdics,  hillg(!  ]ocations,  alld Spring StiffllCSS WCJ”C sc]cctcci  such t]l:it  booJn  lllodcs  up to 2.21  ]7, could
bc rcproduc.c.d by this n~ass-spring moctc.]. ‘1’wo mode.s witli  flc.quc.ncics  below 1 117 arc. shown in
l;ip,.  5. ‘J”IIC 0.124 lIz, moclc  (rotat ion about x-axis) WOLIIC1  k c.xcitcd by (tic 400-N cl~ginc t)uln.
‘1’lic. ().864 IIz, mode (rotation about z,-:ixis) would k cxc.itcd dtlrinF, s~>i{\~lj>/sI~iIitlo\vlI.  Witl~  3 mom
l)O1; for tllc tiin~c  cc)llllcctinf,  IIody 2 and IIody 7, tllc 7-kdy  mode l  Ilas 18 l)O1;. It w:is lJscd  to
c.x:il]~inc  (Ilc in(mic(ioa  amens  (tic sl)in thrastc.r  palsiiiF,  frcquc.])cy, SC1/hOA(i  boom flexible. mode.s,
:ind I)mpcll:ill[  SIOS1]  modes. once it was dcmollstl:itcd  that tllc SC1/h4A(i  boot]]  flcxibili[y  did not
Ii:ivc  :iIIy :idvcrse cffcd on the rc.sponscs  of [tic  dyli:iinic v:iliiihlc.s iiIIaly7c(l,  tlic sut>scquc[it  :in:i]ysis
about the propc,]]ant  urllmJljl)~  was ]Krforlutxl  using tl)c 6-tmdy Illodc.1.
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Several I) Iodcll  III~ ar~d  sitl)ulatiol]  tools wclc used for tt)is sluciy. ‘l”hc dyn:imic Illodcls  were
\ I , c I Ic . ra te .d  by  Sl)-ll~AC”l’  [5], a sof(wam too] t]lat  uti]iws  syml)olic ulua[ioa  lnal]il)ula[ioll
lcchniqucs  to gc.mmlc lhc full IIoalil]car  cquatiotis  of Illotion  for dynamic systems consistinf~  of
llir]~c-col]t)cctecl  rigid t)dic.s  it] a “(!~~” st]l]ct[]]c.  ‘1’})c cialil~.()  j]]~(i~]  fits p~rfc~[]y i]) this ~~t~~,~]’~.
It uses as it]puts (IIC tress and monml of incilia of the bdics,  Ccmtcr  of Illass to joint pos i t i on
VCXXOI., type,  of llil}~,c.,  hinge.  axis, etc. 11] lcturn, it gci]cl:ilcs  tllc subroutims  that code  tt]c fu l l
nmlincar  equations of motion, calcutatc. s [ho systc.111 :iIIg,ulaI momclltum and rotational  k i n e t i c
C.llc.rf,y,  etc. Subloutiacs  f o r  c a l c u l a t i n g  s p a c e . c l a f (  ccntcr  of I)lass  Vc]ocity, ~~~~dilla(c
transformation, unit vec[ors  of the space.craft z-axis and angular  momc.rltum  in inertial frame,
tm(lix  multiplication, data outimt, c.tc. WZCI”C wlittcn  ill I;(JI{’J’l<AN.  ‘l”hc main pmglam was w]itte.a  ir]

A(;SI,  (Advarlccd  Colitinuous  Simulatio]l  l.al)guap,c)  [6J w’llicll  is a very uscfu] tool fol simulatin~<
Syslclns dcscrihcd  by tilllc-dcl~cll(lctl(,  no]]linc.al” diffcrcl]tial  equations. ‘1’hc  nlain JJmgram defines
vat-ious  palalnctcrs, c a l c u l a t e s  forms  and (mqucs arid scmds  thcxn to the SII-I;XAC’1’  suhmutinc
SI)NSIM.  SI)NSIM  Lhc,I)  gcIIcratcs  d e r i v a t i v e s  o f  (iyjmn]ic  variab]cs for tlIc. main j)rogram to
integrate.. A 4th order l{ullga-Kutta  algmithm was USCXI  fm intqyation  with sinmlaticm  stc.p siz.c sc.t
a{ 10 mscc.  I)a[a were collcclc.d  at 1 scc itltcrva]s.  h4A”l’l,All was used for plotting and analysis,
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AII~OIIg  tllc. n)arly  simulation c:iscs  conducted ill this study, orlly  IIIC. rcj)rcsc.rltativc  OIICS alc
]) IcscIItcd. CI’hc.rc  ~~c,rc,two~~aralllc.tcrs  varied ill all ll~csi]lllll:itiolls  -- ltlc spacxxrafl fuc.] fill-fractiolls
(l;l;) and llm spill  tl)rus[cl-duty  cycle. ‘1’0 Ix Illcltc.collsc.lvatilc, large initial wot)blc(12  [0 16mrad)
was Cl]oscll.  l;crr  all of the case.s, the initial con(litiolls  wcm made 10 COr-JCSpOad to z,cro initial
nutation  stale. “J’hc dynamic IcspoIIscs for each case. wc]c dcpictcd  in ei~ht subplots, lior
collvcnicmcc of discussion, the definition of cac.h subplot arc ~,ivc.n bc.low:

(a)--  sl)illl-atctilllcl]istc)[y  iIi Il)In
(b ) - -  allglcl  >ct\\ccl}ltlcl  l-vcctol-:ill(lt  llcs]]2icc cIaf17-:lxis,acoIllt)  ill:itiolloftllel]  lltatioI)

(tlmdalnpcd  l~cric)(lic  c[JllllJoIlc[lt)  :~rl(lt\'c)t)t)  lc(lllc Iloll-~)cliociicc  olll]Jollc.llt)
( c ) - -  latmalandaxial  (alt)[~gs[):icccl:ift  ~-:ixis)  AVofttlcspacccraft  ccntc~ oflnass
(d) -- 11-vcctc)rl)cllllrl)atioll  (altitll(lc  ]~crtlllt):itioll)
(c)--  S< I1/MA(i  t)ool~]  dc.flc.ctic)l~at  tt~cll~ltatioI~  [l:i~~~]~cr  llir]gcl~oirlt
(f)-- S(:l/MA{i l)ooll~tc)rc]llcat  t}lctl~ltatiolld:  ilJII~ctlIi  llgclJoirlt
(~)-- ay.illllltll  slosllcxcl)rsiolls  for alltt~cfollrl>roI)cllat)t  sl~l~s(])lottccl  togctltcr)
(h) -- elevation slosh excursions for alt tlm four propc.llant  SIUES  (p]otkcl togcihcr)

‘1’IK  sc.qucmc.c  il~volvcs  a spilmi)  to 10.5 lpm, a 10-min[ltc  wait, a 45-n~inutc  .40()-N cngiac
bur JI, aJId a 60-lniTlll{c  wait that wits followc.d I)y tlic sl)illdowll  (0 Iowspin. ‘1’t~cfllc.ll;l;llsc.cl  foI Jol
(Case  l)w:ls31%, :il~~lfoll  )1{h4(<;asc2)\\:is  ll(k, \vllictI  \vclcc:~lclll:itc.(lt  ot)ctt]c.f llcll'l`:  ittllccrl(l



of these IMIKXIVCI-S.  S]>il]lll)/s])irJ(lcl\$Jll was cxcmld  usin~:  IIK cwi~, ia:tl spin lllruslct duly cyclr  (1 ,3
scc ON / 3.9 scc 0];1;). ];OI Imtl)  cases, tlIc 6-tmdy l]todc.1  Ivas usccl  (Iilass  pmpcr[ics  am ciiffcrel]t
due. 10 diffcrmlt  furl l;l;s).

‘1’hc responses for Gscs 1 :irId 2 aic I)lc)tlcxl  in l;igs.  6 and 7, rc.slm[ivc]y. ‘]’hc Cxccutiot]  of
[Iic sl]inup / 400-N” cligitlc.  barjl / spilldowtl JOl aIKl l’l{h~ sc.qLKrKws  is obvious fmln Subplots (:i)
and (b) of cmh  figalc. ‘l”hc  SLICMCW  IaIIIp ia wobble in Subp]ots  6(b) find 7(b) is cxpcxtccl  due to
th!  SllddCIl  JUIII1) Of tk S~]/MA~ bOOllI dC.fkX’(iOll 3{ th’. llUtatiOl)  [Ialllpe.r  bill~C  ]X)i]lt  (SUbJ)]C)l  S

6 ( c )  mrl  7(c))  CXNSCCJ  by the 4 0 0 - N  cng,inc burl]. “1’hc magnitude of boom dcflccticm and wobble
jal~~p is inversely prqcmtional  to tlic fuc.1 l;l;,  as c.x]mctcd.  ‘1’IJc result  of t}lc. 400-N cl]gir)c burl] is
cvidcmt  in (tic lIagc axial AV (Subplots 6(c) and ‘/(c)). Af,aitl,  the lightm  ttlc spaccxraft, the la~~,m
tlw axial AV. Attitude pcr(urbatioa (Subplots ()(d) and 7(d))  is within 1 lnrad for all case.s. Also as
cxpcc(c. d, tmolll  to~qacs (Subp lo t s  6 ( f )  aIId 7(f))  arc p]opolliol)al to lmolll  dcflcc.[io~ls.  I;or ttlc
l)lol)rll:illt  s]osh tncrtion  in all cases, the ay,il]iutli  sloslI mode. is excited du[ing both spinup and
s])indowa wllilc tlie. etcvatioa slosh  mode is cxcitc.d  si~,aifican(]y  during the 40(PN ca~,ir]c burl).

‘J’hc  large propellant slosh cxcarsions raisecl  (hc col)cclll  of propellant ul]por(ir)g,  that is, the
])mlmllant  ]mr[s wcrcno( complctc]y  covcicd. [Japoltillg  would bc mission catastrophic. III ordc.rto
best illusttatc  the pmpcllant  unporlihg situ:ition, the propellant slosh moticm of all four propellant
slugs arc plotted in the a?,il)llltll-clcl~a[iott  s]mcc tog,c.the] with Illc unporling bourldary  (the dash
liacs) ia l;igs. 8 ard  9 for (;ases 1 and 2, mpcctivcly. Any combination of the. a~,imutb an(i
c.lcv:ttion  thal i s  outsictc  tlic boundary will cause uftpor[il)g. Unpcwli[ig  bouaciaty is directly
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lt’iglirc 8. l’tvpellrrtlt  slosh t~loliotl  fo~
111P  J{)] ca.vc u.viflg  the origitlal sl~itl
(Atl(.vtcl” dilly cycle (CII.TC 1, 31% jilel  1“1’]

PW.,l..%,  O !l%Fsti,  W9CC ● ,mR ,m
m., ,,, , - ,
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l“igurr  9. l’rw[~pllfitlf .Tlo.v}t tltofio]t .~r
Illc I’RM  casr {i.villg 111P origiliai  s))[n

11)1’rl.v!ct”  duty (“JTI(’  (C{i.w’ 2, I 1 % jkl 1“1”)

mltitcd (o (IK f’ucl l;];,  and is (ie.tcmine.ci  fmni the equations derived in I/cf. 7. As exjmc(ccl,  the

l)oulIdaIy  sllrillks  as tk fuel kwmcs less lmcausc fuel slu~s  become slnallcr,  and tlm alnplitudc
of slug motion  allowcct  is mom ]imitcd  in older to cover tlm pmpc]lant por(. 11 is shown in lii~.  8
that  fllc.1 unpin ting is not a J) I’OI)]CI)I  for JOl. ];OJ’ 1’l{M,  howevcv, utlpol-til]g  would c)ccur af[cr
spimlown  if [hr. original spin ttlrustcl duty cycle was not updatcxl,  as call  bc scmn from l;i~.  9. ‘1’hc
peak azimulh  al]lr~littlclcl~’asal~olll  65° wllilcttlc  az,illllitll  llttllc)l-lirlg  I)oolldary  was about 52°.

3.2 Simulalioll of the Spinup / 400 N ]Cngitlc  ]\urJI  / S1~indo\v[i ScqucI~cC (Isittg original  ‘1’l}rtls(cr
])uty [~yclc Comidcring SC1/h4AG  IIoom  Strudoral  Nlcxibilily

“J”l]c pu]posc of this study is to itlcolpomtc tl]c. flexibility of tllc S(~l/MAG  boom into tllc
;illa]y  SiS and  rcc,xamine,  the. illtc.l”aclions  amon~,  the t}lrastcr  Jmlsill  F, frc!qucncy,  S13/MA~T boon]
flcxit)lc  Im)dc.s, and tllc ]) J’O@]aTl[ Slc)stl  lnodcs. ‘] ’tlCl’CfOJ’C,  ttlC  ~-t)ody 1)1 O(]C] W:iS USC{].  ]11 OrdC1 tO
cllaractclim the c. ffcct of the boom flexibility, thc]c is a 6-t>ody coun te rpa r t  (~asc 3) for
coll~])aliso]]  w’itll lhc 7-tmdy case ((;asc 4). l;ilc.l IiII’ was CIIOSCJI  to [K 1 l%. l’lic  scqucncc consisted
of a spinllp 10 ]().5 q)jl], a 5 millotc  firing, oftl]c 400-N” cllgil)c., al)d a spirldowll  back to 2,.9 rl)m
S])ilI[l]~/s])ill(lowlI  was cxccutcd usi]]~ tl)c ori~i[lal  sj)ill  tllrustcl  doty cycle (1.3 scc ON / 3.9 scc
01:19.

‘J’lIc  dyllainic rc.sponscs  for the  6-l)ody  c a s e  (Iiig. 10 )  and ‘/-tmdy case (J;i~.  11) a rc
cxtrc.mc.ly  C1OSC, dcmonstl-sting that cvm  for small fuc.1 l;l;,  tkcffc.ct  of S(WMAG boom flexibility
on the propellant slosh e.xculsion ancl other ctynaltlic  lc.spcmscs  is vcfy small. ‘J’lm hinge dcflcclions
about x-, y-, and T.-axis  (l;ifl.  12) at  the.  hinp,c.  conl~c.ctil~F,  S(11 and M A G  b o o m s  arc a l s o
Ic.asmmblc  and snlal].  IIcncc, i t  i s su f f i c i en t  to  Ilsc IIlc ()-lmdy IIlodc.1  10 cl]aractcrim al] tllc

lm. (ms  (a) Tuw(rm)  [b ) ‘I W-(nm)  (e) Tm.-(m”)  ( f )

T,m (mm) (CJ ?rrr(nif)  ( d ) linw(mic,)  (9 ) luuc(ntb)  (h)
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dyl]a]~lic  inlwadions. ‘1’lIcxc dynan)ic  Ic:spoIIscs  WCIC dclivclcd  10 JJ’1.’s  Structu~c  IJivisic)II  t o
C.OIICII]CI load malysis  for ;111 c[itical  clcn~cn[s of [hc S(~l/h4A(i  lmoln. I( was coIIclaclcd  tl]a( t he
I)()()lllstlilctlltal  illtcgrity  l;asass~lrcclfc  )r’tl~cl(}a(lc~f tl}iscl-itic:ll  lll:illctlvcr  [8].
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3.3 Siutu]atiol) Of tlIC ]’]<NJ SqUCIICC  [Jsiug New ‘J’lIrIIstcr  l)IIly CyclC -- Solution  (o (he ]B]{hf
l’i opcllant  Unportiag l’robkm

A s  sl]own in I;iS. ,9 llIC. propellant Ulll)ol  lil]~ problcln Occurred in the. az,imlltll  slosh
cxctltsion which  W:IS cxci[cd by (IIC s])ill(ll~/sl)ir~(l[)~*’11  pmccss, riot by tllc 400-hT  cmgilm l)UIII, llvc.n
more. illtcl-csting  is the facl that for both spillup  atld spirldow’a,  lhc azimuth slosh cxcarsion s[artcd
[o lw cxcitcxl  when the. spin rate. rcachcci  about  9.2 rpm (colnI]arc  };igs.  7(a) and ?(g)).  ‘J’his
pl)c.]]o]mnon  matchul  vcvy WC.]] with tllc IIlcolctica]  result.  ‘Jllc pulsi[lp,  frcquc,ncy  associated with
tltc oligillal  spin tllmstc.1  duty cycle WHS 2~ / (1.3 + 3.9) = 1.2.083 rad/sec. Base.cl on IIughcs
cx]mimcntal  clata [3], the S1OS1I frcqum~cics for I l% fuc.] JI’l;  case arc:

Azimuth frequency = 0.3823 rad/scc at 2.9 rpm
1,3843 la(l/scc al 10.5 r})nl

1 {Icvation  f[equcxlc.y :- (),S035 I a(i/scc at 2.9 qm
1 .8??9 lad/see at 10.5 1’1)111

Note tlI:tt SIOSII frcquc.ncics illcmasc  lillcar]y  wi(tl tllc. s])irl rate I I ]. IIctwcxn  low spit) (2.9 tl)n~) arid
IIip,ll sj)in ( 1 0 . 5  rpm),  t he  sj>ill [hlustcr  pulsing frcqucllcy rcsol)atcxl  with tl]c s l o s h  freqacncy
(pritl]al  i] y tllc  az,imulh  excursion bccaasc it was ill tlic same. direction as tllc S])iu of the s~)acecraft).
“J’hc spin rate at which the. rcsonaacc OCCIIrICd was calculated as

(“)1.2083
( 2 . 9 )  = 9.166 ]l]m

i.3823

1 lu~ce, the violent a?,imuth  excitation star[in$,  around 9.2 rpm was Not surprising. OIIc. solution to
this propblcm was to raise. tk spill  thl aster pulsins  frcqucllcy higher that] the proJmllant  slosh
flcqucllcy ran.gc  so that lIIC rcsol)ailcc bctwccn tile two can hc avoidccl.  ‘1’hc followiag, duty c.yc.lcs,
0.9 sccoN/O.9  SCC(ll;l  I’,0.5 sccoN/O.5  SC.COI:J;  ,0.5 SCC ON/ l.OsccO1il; ,0.5 scxoN/  ].5 SCC
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O1; l:, all salisfy Ilm a b o v e ,  cons[rai]]l,  lixccllellt  sir)lll]alioll  rcsulls Wcl-c obt:iincd using (llCSC d~l~y
Cycles, lcavirlg,  alllpk JHld  fro Ill (Ilc propc]lalll (I IIJ)O1 (il]~, boll lldaly. Aflc.r  coIlsultiIJg  w i t h  (IIc. l<ctIo

l’ropu]siotl  Module Subsyskm,  (Iw 1’Ic);cc(  sc.lc.c[cd 0.9 SC.C ON / 0.9 scc O1;l’.  lbr this simulalim
case (Case 5), tllc motiorl  of all four fuel s!up,s  vmc. ljloltcd  ill Ihc az.illllllll-clcvatio]l  spncc togcttm
with tllc unporlirlg  boundary  in IiiS. 13. ‘J’I)L pc.ak azimlttll  aiuplitudc was about ‘24°, WCJ1 withia the
a~. imulh ullpor(illg  bcmnclal-y  of 52°. *+d61ca@11.  FP-d  OeQ 9cc  PJRb

W-, ,-, , 7, --,

- - - - - -  .  .  .
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Figure 1.7. l)ropcll[itlt  .710.7}1  nlolio)t
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4. CON(:l.[lSloNS

‘l”k tiynamic intcracticm  ammp t h e  sJ~ill t}]! USICI Imlsias  frcqacmcy,  S(3/MACi b o o m
flexible modes, and the propellant slosh moclcs of the Gali]co spacccmf( was studied through
sinlulatioIt  fol- the. JOI and I)I{M mane.llvcrs involving tl)c spiflup  / 400-N” engine burn / spindowll
scqucncc. ‘1’hc ptc.diction of safs. JOI based 011 tlw sinmlation  results was validated in flight. l)JIM
was alsc) CXC.CW[CCJ nominally on March 14, 1990 usi]lg tllc 0.9 SC.C ON / 0.9 scc O1;};  ncw spin
thmslcr  duty cycle Imq)oscd  and vc.rificd  in [his study. “1’his simulation study assuicd tllr spacecraft
struc(ura]  itltcgt  ity and succc.ssfulty solved a catastmptlic propellant ullporling  problcm.

A(:KN()\$’1/lCl)  (;lth41CNrJ>S

‘1’hc I-cscarch  dcscribcd  ia t h i s  paper  was  car[ icd ON( at t hc Jd l’ropu]sion l.at)ora[ory,
[;alifol-nia lnstitutc  of ‘1’c.chllolo~y,  under colltlact  with the Na[ionat Aeronautics ancl Space
A(l]])iilistr:it  iol). ‘1’hc authors would like 10 thank Gurkiqml Siagll and Walter Tsuha fo]- their
colltrit)ution  and valuable discussioj)s.
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